Type IV P-type ATPases (P4-ATPases) catalyze translocation of phospholipid across a membrane to establish an asymmetric bilayer structure with phosphatidylserine (PS) and phosphatidylethanolamine (PE) restricted to the cytosolic leaflet. The mechanism for how P4-ATPases recognize and flip phospholipid is unknown, and is described as the "giant substrate problem" because the canonical substrate binding pockets of homologous cation pumps are too small to accommodate a bulky phospholipid. Here, we identify residues that confer differences in substrate specificity between Drs2 and Dnf1, Saccharomyces cerevisiae P4-ATPases that preferentially flip PS and phosphatidylcholine (PC), respectively. Transplanting transmembrane segments 3 and 4 (TM3-4) of Drs2 into Dnf1 alters the substrate preference of Dnf1 from PC to PS. Acquisition of the PS substrate maps to a Tyr618Phe substitution in TM4 of Dnf1, representing the loss of a single hydroxyl group. The reciprocal Phe511Tyr substitution in Drs2 specifically abrogates PS recognition by this flippase causing PS exposure on the outer leaflet of the plasma membrane without disrupting PE asymmetry. TM3 and the adjoining lumenal loop contribute residues important for Dnf1 PC preference, including Phe587. Modeling of residues involved in substrate selection suggests a novel P-type ATPase transport pathway at the protein/lipid interface and a potential solution to the giant substrate problem.
membrane asymmetry | protein transport P -type ATPases are phylogenetically grouped into five subclasses of integral membrane pumps that mediate active transport of substrate across membrane bilayers (1) . This family is defined by the formation of a phosphorylated intermediate (P-type) and four characteristic domains: actuator (A), nucleotide-binding (N), phosphorylation (P), and transmembrane (TM). The best characterized subclass, the type II P-type ATPases (P2-ATPases) catalyze the energy-dependent movement of cations across lipid bilayers to establish an electrochemical gradient. The substrate binding sites of P2-ATPases lie within the TM domain, and involve multiple residues that coordinate the cations in a well defined binding pocket formed by charged and polar residues in TM 4, 5, 6, and 8 in the Ca 2þ ATPase (2) and TM segments 4, 5, 6, 8, and 9 in the Na þ ∕K þ ATPase (3). Access to the cation binding sites alternates between the cytosolic and exofacial sides of the membrane, and is driven by E1-E2 conformational changes associated with ATP binding, transfer of the γ-phosphate from ATP to a conserved aspartate, and subsequent hydrolysis of the aspartyl-phosphate bond (4). Whether or not this alternating half-channel mechanism of substrate recognition and transport is conserved for all P-type ATPase subclasses is unknown.
In contrast to the cation transporters, members of the type IV P-type ATPase subfamily (P4-ATPases) translocate phospholipid across a membrane bilayer by flipping their substrate from the exofacial leaflet to the cytosolic leaflet (5, 6) . The unidirectional flip of specific phospholipid species, such as phosphatidylserine (PS) and phosphatidylethanolamine (PE), creates an asymmetric membrane structure with PS and PE concentrated within the cytosolic leaflet. The P4-ATPase subfamily is conserved among eukaryotes with Saccharomyces cerevisiae expressing five members that are essential for viability (7) , whereas mammals have at least 14 members (8, 9) . Several of these mammalian flippases are implicated in pathological conditions such as obesity and type II diabetes (10) , intrahepatic cholestasis (11, 12) , progressive hearing loss (13) , male infertility (14) , and deficiencies in B cell lymphopoiesis (15, 16) . In addition, P4-ATPases play critical roles in vesicle-mediated protein trafficking in the secretory and endocytic pathways (17) . Many P4-ATPases associate with Cdc50 family proteins that are potentially analogous to the Na þ ∕K þ ATPase β and γ subunits. For example, the yeast P4-ATPase Drs2 interacts with Cdc50 to allow their mutual export from the endoplasmic reticulum (ER) to the Golgi complex (18) .
The mechanism of phospholipid transport by P4-ATPases is undefined and has been described as the "giant substrate problem" because fitting a phospholipid into the structurally conserved, but spatially restrictive, substrate binding pockets would be impossible within the confines of the available P-type ATPase crystal structures (19) . Moreover, P4-ATPases lack the charged residues that form the cation binding sites in P2-ATPases and no phospholipid binding site has been identified. Translocation of phospholipid is proposed to occur at the E2-P to E1 transition based upon the direction of substrate translocation and the demonstration that phospholipid substrate stimulates dephosphorylation of Atp8a1, a mammalian P4-ATPase (20) . Cdc50 preferentially associates with Drs2 in the E2P state, suggesting that Cdc50 might form part of the phospholipid binding pocket (21) . However, recent evidence from Arabidopsis thaliana P4-ATPases indicates the Cdc50 subunit does not affect the substrate specificity of the heterodimer, implying that determinants of substrate specificity primarily reside within the catalytic subunit (22) . For P4-ATPases, nothing is known about: (i) the residues in the TM domain that recognize the phospholipid substrate, (ii) how different P4-ATPases recognize different phospholipid substrates, and (iii) the pathway phospholipid follows through the TM domain from the exofacial to cytosolic leaflet. The giant substrate problem is one of the paramount questions concerning the function of P4-ATPases.
To gain insight into the mechanism of phospholipid flip by P4-ATPases, we sought to identify residues that define phospholipid substrate specificity. Our strategy was to generate chimeras between two P4-ATPases that differ in substrate preference in order to map residues determining this preference. The yeast P4-ATPase Dnf1 prefers phosphatidylcholine (PC) and PE (23, 24) , whereas Drs2 prefers PS (5, 25) with a minor activity towards PE (26) . Here we report the identification of sequences in TM segments 3-4 that help determine phospholipid specificity in Dnf1 and Drs2. From a structural model of Dnf1 and the posi-tions of the key residues impacting phospholipid specificity, we suggest an entirely unique mechanism of transport by a member of the P-type ATPase superfamily.
Results
Drs2 TM Segments 3-4 Confer NBD-PS Uptake Activity to Dnf1.
P4-ATPases initially select their substrate from the exofacial leaflet of the bilayer; therefore, residues involved in substrate selection must lie within the exofacial loops or within the transmembrane region (Fig. 1A) . We systematically generated chimeras by exchanging pairs of transmembrane segments with intervening lumenal loops from Drs2 into Dnf1 (SI Appendix, Fig. S1 ) and tested the Dnf1[Drs2] chimeras for a change in substrate specificity. Advantages of this approach include (i) Dnf1 is expressed on the plasma membrane (7), allowing us to easily assay the chimera translocase activity in living cells. (ii) Mutations causing a change in substrate preference, rather than loss, must be compatible with appropriate folding and trafficking of the flippase. (iii) The ratio of PS to PC uptake for each chimera provides a measure of substrate specificity that is independent of translocase number at the plasma membrane.
To assay flippase activity, chimeras were expressed in a dnf1∆dnf2∆ strain lacking the major plasma membrane P4-ATPases in yeast (23) and we measured uptake of 7-nitro-2-1,3-benzoxadiazol-4-yl phospholipid (NBD-PL) across the plasma membrane by flow cytometry. In each experiment, dnf1,2∆ cells bearing an empty vector control were assayed to subtract chimera-independent uptake of each NBD-PL and the uptake of NBD-PC by wild-type (WT) Dnf1 was used to normalize the data. WT Dnf1 is reported to translocate PC and PE, and debatably PS (23, 27) . In these experiments, WT Dnf1 mediated robust uptake of PC and PE and had a minor influence on the uptake of PS (n ¼ 150þ) (Fig. 1B) . The Dnf1[TM1-2] chimera showed reduced activity for both PC and PE, but no significant change in activity for PS (Fig. 1B) . In contrast, Dnf1[TM3-4] had a reduced activity to PC and PE, but gained an activity towards PS, the preferred substrate of Drs2. Dnf1[TM5-6], Dnf1[TM7-10] and Dnf1 [TM1-10] each had little to no activity at the plasma membrane for any of the NBD-PLs tested (Fig. 1B) .
The lack of activity for some of the chimeras could be caused by a failure to traffic through the secretory pathway to the plasma membrane. We tested this possibility by tagging each chimera with GFP for localization studies. WT Dnf1 exhibits a polarized localization that depends on the cell cycle (7, 18) . GFP-Dnf1 localized to intracellular punctae in nonbudded cells, to the bud tip in small-budded cells, and to the bud neck in large-budded cells [ Fig. 1 C, a and b arrowheads] . GFP-Dnf1[TM1-2] and GFPDnf1[TM3-4] retained similar localization patterns to GFP-Dnf1 regardless of cell cycle stage ( Fig. 1 C, c and d) , indicating the decrease in activity by Dnf1[TM1-2] is not caused by an inability to localize to the plasma membrane. GFP-Dnf1[TM5-6], GFPDnf1[TM7-10], and GFP-Dnf1[TM1-10] exhibited localization patterns characteristic of the ER, as indicated by the ring of fluorescence surrounding the nucleus (Fig. 1 C, e-g, arrows) . ER retention is a common problem for improperly folded integral membrane proteins (28) , providing a likely explanation for the lack of PM uptake activity for these chimeras.
TM4 Is Required for PS Activity, but Not Specificity. TM3-4 from Drs2 was sufficient to confer a PS activity to Dnf1, and this Dnf1[TM3-4] chimera also showed a reduced activity for PC and PE ( Fig. 1B and 2A) . By plotting the ratio of PS to PC uptake, we quantified a nearly eightfold increase in PS preference for the Dnf1[TM3-4] chimera relative to Dnf1 (Fig. 2B) . Because Dnf1 [TM1-2] displayed reduced PC and PE activities, it was possible that TM1-2 from Drs2 contributed to selection against PC and PE. However, exchanging TM1-4 as a unit, to generate Dnf1 [TM1-4], yielded a chimera with a similar PC and PE activity to Dnf1[TM3-4], but with a slightly lower PS activity (SI Appendix, Fig. S2A ). This result suggests TM1-2 does not contribute additional substrate specificity to TM3-4.
We analyzed each section of TM3-4 individually to determine their relative contribution to this change in substrate specificity. Dnf1[TM3] and Dnf1[LL3-4] showed reduced PC, PE, and PS activity and so these segments failed to confer PS activity to Dnf1 ( Fig. 2A) . Dnf1[TM4] retained WT activity for PC, showed a modest increase in activity for PE, but had a substantial increase in PS activity ( Fig. 2A) . Thus, TM4 from Drs2 was sufficient to confer a PS activity to Dnf1, but still allowed for translocation of PC and PE. Relative to WT Dnf1, Dnf1 showed the greatest preference for PS (Fig. 2B) showed a greater increase in PS activity ( Fig. 2A) . The localization pattern of each of these chimeras was similar to WT Dnf1 (Fig. 2C , fluorescence at the bud tip or bud neck) and was therefore unlikely to be responsible for any difference in activity or substrate preference. These results suggest that TM3 and LL3-4 in Dnf1 contribute to PC and PE selection, and TM4 from Drs2 contributed residues important for PS selection.
TM4 contains three sequence blocks that differ between Dnf1 and Drs2 (Fig. 3A) , so we exchanged each Drs2 TM4 block independently into Dnf1 to determine their contribution to the PS activity of Dnf1[TM4]. Of these three chimeras, only Dnf1½YIS → FVT displayed an increased activity for PS (Fig. 3B ) and a substrate preference equivalent to Dnf1[TM4] (Fig. 3C) . Therefore, we exchanged each residue individually (Y618F, I619V, and S620T) and in pairwise combinations. The Dnf1 Y618F point mutation had the greatest influence on net PS activity although Dnf1 I619V and Dnf1 S620T also showed slightly enhanced PS transport relative to WT Dnf1 (Fig. 3B ). Dnf1½YIS → FVT had a greater net PS activity compared to any of the individual point mutations but this chimera had no increased preference for PS (Fig. 3C ). Dnf1 Y618F displayed specificity for PS comparable to Dnf1[TM4] and Dnf1½YIS → FVT (Fig. 3C ) without the general increase in activity of Dnf1½YIS → FVT. Y618, I619, and S620 were changed to Drs2 residues in pairs, with no additional specificity for PS being conferred, indicating Y618F is the key substitution enabling PS translocation (SI Appendix, Fig. S3 A and B) . The closest mammalian homolog of Drs2, Atp8a1, has a leucine in the TM4 position analogous to Y618 in Dnf1 and F511 in Drs2 (Fig. 3A) , so we generated a Y618L substitution in Dnf1 to determine if this could also allow PS uptake (Fig. 3B) . However, the Y618L substitution did not confer a PS activity and instead reduced Dnf1 activity against all three substrates.
The increased activity for PS by several of the chimeras could result from the specific acquisition of a new substrate, or a com-
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Drs2 segments in Dnf1 , and Dnf1 Y618F retain specificity for the phospholipid headgroup and glycerol backbone. Dnf1½YIS → FVT is less selective than other PS transporting chimeras based on its activity for NBD-SM. Each reported value (B-D) is the average of at least three independent samples from at least three independent experiments (mean AE SEM).
plete loss of specificity such that any NBD-PL would be translocated. Therefore, we tested if the chimeras could catalyze the uptake of NBD-phosphatidic acid (NBD-PA) or NBD-sphingomyelin (NBD-SM). WT Dnf1 cannot translocate NBD-SM or NBD-PA, and Dnf1[TM3-4], Dnf1[TM4], and Dnf1 Y618F retained comparable specificity (Fig. 3C) . Surprisingly, not only did Dnf1½YIS → FVT display an increased activity for PC, PE, and PS ( Fig. 3B) , it also conferred a modest increase in NBD-SM uptake ( Fig. 3D ). However, Dnf1½YIS → FVT was not capable of NBD-PA transport (Fig. 3D) , indicating it had not completely lost phospholipid selectivity nor did this chimera selectively recognize the NBD moiety. The expression level of WT Dnf1, Dnf1½YIS → FVT, and Dnf1 Y618F were similar and unlikely to account for the increased uptake observed in Dnf1½YIS → FVT (SI Appendix, Fig. S4 ). To rule out the possibility that the mutations in Dnf1 somehow altered the localization or plasma membrane activity of Drs2, we localized GFP-Drs2 in strains harboring various Dnf1 chimeras (SI Appendix, Fig. S5A ) and measured Dnf1 chimera NBD-PL uptake in a dnf1,2Δdrs2Δ strain (SI Appendix, Fig. S5B ). In no case was the enhanced NBD-PS uptake observed attributable to Drs2.
The Reciprocal Drs2 F511Y Substitution Disrupts PS Asymmetry. Because the Y618F substitution allowed PS recognition by Dnf1 without disrupting PE or PC flippase activity, we predicted that the reciprocal F511Y exchange in Drs2 would perturb its PS flippase activity without affecting recognition of PE. To assess Drs2 recognition of endogenous, unmodified phospholipid, we tested the influence of the Drs2 F511Y substitution on PS and PE asymmetry of the plasma membrane. Disruption of Drs2 causes a loss of membrane asymmetry and exposure of PS and PE on the extracellular leaflet of the plasma membrane (29) . Loss of membrane asymmetry can be measured by hypersensitivity to poreforming toxins that bind selectively to PS (papuamide B, PapB) (30) or PE (duramycin) (31) exposed on the outer leaflet of the plasma membrane. As predicted, Drs2 F511Y caused a partial loss of PS asymmetry, as indicated by the intermediate sensitivity to PapB relative to the WT and drs2∆ strains (Fig. 4A ). In contrast, Drs2 F511Y conferred WT resistance to duramycin and therefore a normal asymmetric distribution of PE (Fig. 4B) . Thus, Drs2 F511Y is specifically defective in establishing PS asymmetry. We also generated a strain expressing the Drs2 F511L variant and found these cells displayed a partial loss of asymmetry for both PE and PS (Fig. 4 A and B) . Even though Dnf1 Y618F can translocate NBD-PS across the plasma membrane, it was unable to suppress the PapB sensitivity of a drs2∆ strain (SI Appendix, Fig. S6 ). We assume that the highly polarized localization may not allow Dnf1 to correct a membrane asymmetry defect across the entire plasma membrane of drs2∆ cells. Each form of Drs2 (WT, F511Y, and F511L) was purified and assayed for ATPase activity as previously described (5) . While Drs2 F511Y retained WT activity, Drs2 F511L had a specific activity that was 35% that of WT Drs2 (Fig. 4C ). These data imply that the F511Y substitution causes a change in Drs2 substrate specificity without altering the activity, while F511L reduces the overall activity. Under certain conditions, such as low temperature, DRS2 is essential for growth because of its function in supporting protein trafficking from the trans-Golgi network. The drs2-F511Y allele fully complemented the cold-sensitive growth defect of drs2∆ (Fig. 4D ), indicating that Drs2 F511Y must localize properly and that the loss of PS asymmetry is not a secondary consequence of a protein trafficking defect or an inactive enzyme. The drs2-F511L allele was only able to partially complement the cold-sensitive growth defect of drs2∆ (Fig. 4D) , consistent with it being a hypomorphic allele. Strains carrying deletions of DRS2 and all three DNF genes (dnf1,2,3∆drs2∆) are inviable and while drs2-F511Y was able to complement this growth defect, drs2-F511L was unable to do so (SI Appendix, Fig. S7B ).
The Rate of NBD-PL Uptake by Dnf1 Y618F Is Comparable to WT Dnf1.
To better define the substrate preferences and transport properties of the Dnf1 [Drs2] chimeras, we examined the kinetics of NBD-PC and NBD-PS uptake. As expected, Dnf1[TM3-4] displayed a reduced rate of NBD-PC uptake compared to WT Dnf1, while Dnf1½YIS → FVT had an increased rate of NBD-PC uptake. Dnf1[TM4] and Dnf1 Y618F showed a similar rate of NBD-PC uptake relative to WT Dnf1 (Fig. 5A) . Thus, acquisition of the ability to translocate PS did not alter the activity toward PC. Each Dnf1[Drs2] chimera tested displayed a significant increase in NBD-PS uptake activity relative to Dnf1 (Fig. 5B) . Dnf1[TM3-4] had the lowest rate of NBD-PS uptake (Fig. 5B) and Dnf1½YIS → FVT showed the highest rate of NBD-PS uptake compared to the other Dnf1[Drs2] chimeras examined. Importantly, the rate of NBD-PS uptake by Dnf1[TM4] and Dnf1 Y618F was comparable to the rate of NBD-PC uptake by these chimeras (and WT Dnf1), suggesting a similar transport mechanism for PC and PS (Fig. 5B) .
PC Recognition by Dnf1. To identify residues involved in phospholipid selection by Dnf1, we searched for residues specifically involved in recognition of PC. Based on the role of TM3 and LL3-4 in PC/PE selection ( Fig. 2A) we generated random mutations in sequences encoding TM3-4 of Dnf1 and transformed this collection of DNF1 mutant alleles into a dnf1,2,3∆drs2∆ pRS416-DRS2 strain. These mutants were initially screened for resistance to edelfosine, a toxic PC analog (32) , and then counterscreened for the ability to support growth of the dnf1,2,3∆drs2∆ strain by selection on 5-fluoroorotic acid (5FOA, which selects for loss of URA3 encoded on pRS416-DRS2). This screen should select for a functional Dnf1 with a reduced ability to flip PC. In two independent clones carrying point mutations, Phe587 (within LL3-4) was mutated to either a Tyr or Leu residue (Fig. 6A ). Dnf1 F587L and F587Y supported growth of dnf1,2,3∆drs2∆ cells, although not as well as WT Dnf1 or Dnf1 Y618F (Fig. 6B, SD þ 5FOA) . However, strains expressing Dnf1 F587L and F587Y were able to grow at a concentration of edelfosine that killed strains expressing WT Dnf1 or Dnf1 Y618F (Fig. 6B, SD þ edelfosine) . When assayed for NBD-PL uptake in a dnf1,2∆ strain, both Dnf1 F587Y and F587L showed a statistically significant reduction in PC uptake (p < 0.05) with no change in PE uptake (p > 0.20) relative to WT Dnf1 (Fig. 6C) . The normal PE activity of these Dnf1 mutants suggests they are properly expressed and localized to the plasma membrane. We conclude that F587 is specifically involved in PC selection by Dnf1. the inability of Dnf1[TM4] to support viability was most surprising because it retained a fully functional flippase activity ( Fig. 2A) . Dnf1½YQS → FSN only partially supported growth (SI Appendix, Fig. S7A ), even though its uptake activity was only slightly reduced relative to WT Dnf1 (Fig. 3B) . In contrast, Dnf1½YIS → FVT and each of the point mutants (Dnf1 Y618F, Dnf1 I619V, and Dnf1 S620T) fully supported growth of a dnf1,2,3∆drs2∆ strain (SI Appendix, Fig. S7A ). Seemingly, neither an increased uptake activity (as seen in Dnf1½YIS → FVT) nor an altered substrate specificity appears detrimental to the ability of these chimeras to support growth of a dnf1,2,3∆drs2∆ strain. These data imply that flippase activity is important for in vivo function, but in the case of Dnf1[TM4], the Drs2 sequences are unable to support some other critical function of Dnf1 (compare Fig. 3B , SI Appendix, Fig. S7A ). However, it is important to note that the essential function of the P4-ATPases is exerted within the Golgi and endosomal system, not the plasma membrane where activity was measured (33).
Function of
Lem3 Is Required for Dnf1[Drs2] Chimera ER Export. WT Dnf1 interacts with the Cdc50 family protein Lem3, and this interaction is required for their mutual export from the ER (18) . Cdc50 family proteins may contribute to substrate recognition and transport by P4-ATPases (19, 22) and it was possible that the Dnf1[Drs2] chimeras gained the ability to interact with Cdc50, thereby conferring specificity for PS. Therefore, we expressed the GFPtagged chimeras in a lem3∆ strain and tested if overexpression of CDC50 could support their transport to the plasma membrane. GFP-Dnf1 and all of the chimeras tested were retained in the ER of the lem3∆ cells, even when CDC50 was overexpressed (Fig. 7A) . In contrast, LEM3 overexpression rescued the polarized plasma membrane localization pattern for each chimera. To test the possibility that Cdc50 was responsible for the changes in substrate selection we assayed the uptake activity of several Dnf1 chimeras in the absence of Cdc50 or Lem3 (Fig. 7B) . In each case, the Dnf1 chimeras strictly required Lem3, not Cdc50, for activity at the plasma membrane. Thus, there was no change in the Lem3 requirement for proper ER export, localization, or flippase activity of the Dnf1 chimeras tested.
Potential P4-ATPase Substrate Transport Pathway. Based upon the functional data we have presented, a single amino acid substitution (Y618F) in TM4 of Dnf1, representing the loss of a single hydroxyl group, allows this protein to recognize and translocate NBD-PS. To better understand how such a subtle sequence change could lead to a dramatic change in the substrate preference, we generated a structural model of Dnf1 based upon the crystal structure of the Na þ ∕K þ ATPase (Fig. 8A ) (PDB 2ZXE) (3). We used the SWISS-MODEL workspace (34, 35) for the initial modeling and relaxed the model in Rosetta (36, 37) to obtain the final structural model (Fig. 8C) . The complete conservation of the helix-breaking Pro from the PEGL motif in cation transporting ATPases (PISL in P4-ATPases), provides a concrete anchoring point for the modeling of TM segment 4, particularly for Y618 in the proline plus 4 position (PISLY) (SI Appendix, Fig. S8A ). The glutamate residue from the PEGL motif in TM4 of cation transporting ATPases has a critical role in binding substrate and is oriented towards the K þ binding sites formed by residues in TM 4,5,6, and 8 ( Fig. 8B) . In contrast, the proline plus 4 residue in each available P-type ATPase crystal structure is rotated 180°around TM4 and is oriented in a triangular cleft between TM segments 1, 3, and 4 (3, 38-40), in the opposite direction from the canonical cation binding sites (SI Appendix, Fig. S8 B and C) . The orientation of Dnf1 Tyr618 in the modeled structure is equivalently positioned at the apex of this triangular cleft (Fig. 8 D and F, SI Appendix, Fig. S8C ). Tyr618 is also near the membrane interface on the cytosolic side, suggesting this residue comprises (part of) the exit site for the phospholipid substrate. LL3-4 is much longer in the P4-ATPases than in other P-type ATPase subfamilies, and is therefore not threaded onto an experimentally determined structure. This loop likely forms the base of the triangular cleft as modeled, but the orientation of F587, a residue important for PC selection, is unclear. However, the residues important for phospholipid substrate selection in TM3, LL3-4, and the proline plus 4 position of TM4 are very unlikely to lie within the canonical substrate binding pocket defined in cation transporters. Therefore, we propose a unique transport pathway for P4-ATPase flippases where the phospholipid headgroup is translocated along a groove between TM1, TM3, and TM4 while the fatty acyl chains reorient within the lipid environment of the membrane (Fig. 8 C-E) .
Discussion
Cation transporting P-type ATPases utilize a spatially restrictive ion binding pocket in the center of the TM domain. In this work, we have identified residues that contribute to phospholipid substrate specificity in S. cerevisiae P4-ATPases that lie outside of the canonical binding pocket. Based on the orientation of a key tyrosine residue in TM4 and the involvement of TM3 and LL3-4 residues in substrate selection, we suggest a pathway for phospholipid translocation along the protein/lipid interface that would accommodate transport of this large substrate.
We generated a series of chimeras between Dnf1 and Drs2, two P4-ATPases that differ in substrate specificity, to map amino acid residues involved in substrate selection. We sought to identify Drs2 sequences required for PS recognition by construction of chimeras that convert Dnf1 from a PC/PE flippase to a PS flippase. We have partially succeeded in this endeavor as Dnf1 [TM3-4] gained the ability to flip NBD-PS and shows a preference for NBD-PS over NBD-PC. While we have significantly altered the substrate specificity of Dnf1 through incorporation of these Drs2 sequences, it appears that we have not fully recapitulated the substrate specificity of Drs2 because Drs2 appears to have negligible activity towards NBD-PC (5, 25) . Substitution of Dnf1 TM3-4 with analogous Drs2 sequences significantly attenuates uptake of NBD-PC and NBD-PE, even though the protein localizes normally to the plasma membrane. The striking increase in PC and PE activity of the Dnf1[TM4] chimera relative to Dnf1[TM3-4] also implies that TM3 and LL3-4 from Dnf1 contain sequences that recognize these substrates much better than the analogous Drs2 segments. In fact, we have identified substitutions of a single residue (Phe587) within LL3-4 that reduce PC recognition without affecting recognition of PE. These are original observations as TM3-LL3-4 residues have not been implicated in substrate recognition by other P-type ATPases. LL3-4 is much larger in the P4-ATPases relative to the cation transporters and no structural information on this loop is available, but it is likely to sit at the membrane surface where phospholipid substrate would initially be selected for translocation.
The most surprising observation of this work is that the substitution of a single tyrosine residue for phenylalanine in TM4 (Y618F) conferred an NBD-PS transport activity to Dnf1 without altering the ability of this protein to flip NBD-PC or NB-PE. TM4 is also important for substrate interaction by cation transporting P-type ATPases and contains a highly conserved, helixbreaking Pro followed by a glutamate residue critical for cation binding by SERCA (Glu309) and the Na þ ∕K þ ATPase (Glu334) (SI Appendix, Fig. S8A ). The PEGLX motif in the cation transporters is replaced by PISLY (Dnf1) and PISLF (Drs2) in these P4-ATPases. Conservation of Pro implies that the P4-ATPases maintain the same break in the TM4 helix observed in the heavy metal (P1), cation (P2), and proton (P3) transporter crystal structures and that structural features of this TM segment would be similar. The critical Tyr/Phe identified in this study lies only four residues from the conserved proline, and in each P-type ATPase crystal structure, the residue analogous to Dnf1 Tyr618 is oriented on the opposite face of TM4 relative to the cation binding site (Fig. 8, SI Appendix, Fig. S8 ). This Tyr/Phe residue in the Dnf1 structural model juts into the apex of a triangular cleft formed by TM segments 1, 3, 4, and LL3-4 that lies at the protein/ lipid interface (Fig. 8F, SI Appendix, Fig. S8C ). We propose that the cleft bordered by TM3, LL3-4, and Y618 in TM4 provides a pathway for the flip of a phospholipid headgroup from the extracellular to the cytosolic leaflet. Alternatively, the groove between TM3, 4, and 5 could also provide a route for substrate, but unfortunately none of the chimeras we have created bearing TM5-10 from Drs2 were functional. Thus, the influence of TM5-10 on substrate selection is not yet known and cannot be ruled out as potentially contributing to phospholipid transport. By providing a substrate pathway at the protein/lipid interface, the acyl chains can simply reorient within the lipid environment and do not have to be accommodated in a proteinaceous binding pocket. This mechanism could explain why phospholipids with acyl tags such as spin labels (41) or the NBD moiety (42) are transported by P4-ATPases. If these tagged phospholipids were transported using a tight binding pocket similar to the mechanism of cation transporting P-type ATPases, the bulky tag would likely prevent transport. A transport mechanism that allows the acyl chains to remain in the lipid environment significantly alleviates the giant substrate problem.
The position of the substrate-selective Tyr/Phe residue near the cytosolic side of TM4 in the membrane domain was also surprising. We assumed that residues conferring substrate specificity would define a binding site near the extracellular leaflet where substrate would load into the pump. The role of LL3-4 in PC selection, particularly Phe587, fit this expectation. The proximity of Tyr618 to the cytosolic leaflet suggests this residue forms part of the exit pathway for the phospholipid headgroup. Dnf1 can weakly recognize PS and likely retains other residues involved in loading PS into the pump, but perhaps Y618 prevents PS exit into the cytosolic leaflet. Conversely, Drs2 F511Y was specifically deficient in recognizing PS. Therefore, the Y618 hydroxyl group may either generate a steric clash with the PS carboxyl group, thereby preventing PS transport, or the hydroxyl alters the packing of TM segments in this region in a manner that specifically restricts PS transport. Interestingly, substitution of the proline plus 4 Tyr/Phe for Leu, the Atp8a1 residue, reduces the activity of Dnf1 or Drs2 without a noticeable change of substrate specificity. Perhaps the Leu is incompatible with the surrounding yeast residues that form this restriction point. However, the phospholipid is likely selected at multiple points during its transport across the membrane because (i) we identified at least two residues (on opposing membrane faces) which specifically affect substrate specificity and (ii) substitution of TM3, LL3-4, and TM4 with Drs2 sequences was required to confer the greatest preference for PS.
Assuming that P4-ATPase TM segments undergo conformational changes during the catalytic cycle comparable to the Ca 2þ ATPase, the remarkable pumping motions of TM segments 1-4 could provide the physical motion needed to flip a phospholipid substrate (43) . Dnf1 is modeled in the E2 conformation and phospholipid substrate is thought to be pumped during the E2 ∼ P → E1 transition. During this power stroke, TM1 starts in the 90°bent conformation with residues in the TM1 kink modeled in close proximity to Tyr618 in TM4. As the pump relaxes back to the E1 conformation, TM1 straightens and slides down in the membrane (towards the exofacial leaflet) while TM4 moves upward. These movements place Tyr618 in proximity to the cytosolic end of the TM1 helix in the E1 conformation, such that a phospholipid headgroup docked near Tyr618 would then have access to a large opening between TM1 and TM2, perhaps representing an exit site.
Cdc50 family members have been suggested to provide the substrate specificity of their P4-ATPase counterpart by loading it with phospholipid (19) . Even though we have altered the phospholipid specificity of Dnf1 by introduction of Drs2 sequences, the chimeras retain a Lem3 requirement. In no case was Cdc50 necessary or sufficient to facilitate the ER export, localization, and activity of the chimeras (Fig. 7) . Our data suggest that, like Arabidopsis thaliana P4-ATPases (22), S. cerevisiae P4-ATPases do not rely on a Cdc50 family member to determine the substrate specificity of the heterodimer complex ( Fig. 3B and 7) .
These studies provide the first glimpse into the mechanism of substrate recognition and translocation by phospholipid flippases, a distinct clade in the P-type ATPase phylogeny. The residues reported here are not likely to encompass all residues involved in phospholipid selection and many more studies will be required to fully solve the giant substrate problem. It remains to be determined whether the TM4 "proline plus 4" position is universally used by all members of this family for substrate recognition in a manner similar to the "proline plus 1" position of the cation transporters. In addition, tests for the validity of structural model will be required to support or refute the proposed substrate pathway along the TM1,3-4 protein/lipid interfacial region we propose herein. Regardless of the precise orientation of Tyr618 in Dnf1, models of substrate translocation by the P4-ATPases will need to accommodate the observation that the presence or absence of a hydroxyl group at this position substantially impacts substrate selectivity.
Materials and Methods
Reagents. All lipids were purchased from Avanti Polar Lipids, Inc.. 5-fluoroorotic acid (5-FOA) was purchased from Zymo Research. Edelfosine was purchased from Tocris Biosciences. Papuamide B was a gift from Raymond Andersen (University of British Columbia). Duramycin was purchased from Sigma Aldrich.
Strains and Culture. Strains used in this study are listed in SI Appendix, Table S1 . Yeast were grown in standard rich medium or synthetic minimal glucose medium (SD) (44) and transformations were performed using the lithium acetate method (45) . For complementation tests, 50,000 cells were spotted with 10-fold serial dilutions onto synthetic media or synthetic media containing 5-FOA. Plates were grown for 3 d before imaging.
Escherichia coli strain DH5α was used for plasmid amplification and construction. Dnf1[Drs2] chimeras were generated by either site-directed mutagenesis (for point mutations) or gene splicing overlap extension (46) (for >4 amino acid changes). Dnf1[Drs2] chimeras were generated by gap repair through homologous recombination of a gapped yeast expression vector and PCR product, followed by recovery of the plasmid from yeast. All plasmids used in this study are listed in SI Appendix, Table S2 and primers are listed in SI Appendix, Table S3 .
Edelfosine Screen. In order to generate random mutations targeted to TM3-4 of Dnf1, we used pRS313-DNF1 as template with primers Dnf1(forw)@1500 and Dnf1(rev)@2297 using PCR conditions described previously (47) . We cotransformed ZHY704 with the PCR products and pRS313-DNF1 gapped with restriction enzymes MfeI and NruI to allow for gap repair through homologous recombination. Transformations were plated onto synthetic dropout plates and allowed to grow for 3 d, after which colonies were picked into 96-well plates and spotted onto synthetic dropout plates containing 20 μg∕mL edelfosine or 5-FOA. We sequenced DNF1 in strains which grew on both edelfosine and 5-FOA.
Viability Assay. For papuamide B and duramycin treatments, midlog phase yeast were seeded in 96-well plates at 0.1 OD 600 ∕mL with or without drug. Plates were incubated at 30°C for 20 h and the OD 600 ∕mL was measured with a Multimode Plate Reader Synergy HT (Bio-Tek). Relative growth was compared to mock-treated yeast in the assay.
Fluorescence Microscopy. Images were collected with an Axioplan microscope (Carl Zeiss) with a CCD camera and processed with MetaMorph 4.5 software (Molecular Devices). To observe GFP-tagged proteins, cells were grown to midlogarithmic phase, pelleted, and resuspended in imaging buffer [10 mM Tris-HCl, pH 7.4, 2% glucose (wt∕vol)]. An aliquot of cells was distributed onto slides, and visualized using a GFP filter set.
NBD-Lipid Uptake. Lipid uptake was performed essentially as described previously (48) . Briefly, overnight cultures were diluted to 0.15 OD∕mL and allowed to grow to early-midlog phase. 500 μL of cells were harvested, resuspended in ice-cold SD media containing 2 μg∕mL NBD-lipid (approximately 2.5 μM), and incubated on ice for 60 min. Cells were washed twice with SA media [SD media + 2% sorbitol (wt∕vol), þ20 mM NaN 3 ]+ 4% BSA (wt∕vol), once with SA media, and resuspended in SA media prior to analysis by flow cytometry.
Flow Cytometry. Flow cytometry was performed with a BD LSRII-3 laser (BD Biosciences) using BD FACSDiva v6.1.3. NBD-lipid uptake was measured with the FITC filter set (530∕30 bandpass with a 525 longpass). Prior to analysis, propidium iodide was added to the cells at a final concentration of 5 μM. At least ten thousand events were analyzed using forward/side scatter to identify single cells and propidium iodide fluorescence was used to exclude dead cells.
Data Analysis. Within each experiment, at least three independently isolated transformants harboring the same construct were assayed. The mean of these values from at least three separate experiments were reported as AESEM. For each experiment, the chimera-independent background uptake for each NBD-PL was measured by the average fluorescence of the dnf1,2Δ strain (PFY3275F) transformed with an empty vector and subtracted from the uptake of WT Dnf1 or the Dnf1[Drs2] chimeras. In order to compare results from independent experiments, the NBD-PC uptake by WT Dnf1 after 1 h was normalized to 100%. Each value is reported relative to WT Dnf1 PC uptake at 1 h. A student's T-test was used to determine significance where indicated.
Modeling. A model of Dnf1 was generated based on the crystal structure of the Na þ ∕K þ ATPase (Protein Data Bank accession code 2ZXE). We used the SWISS-MODEL workspace (34, 35) to generate the initial model based on sequence alignment of Dnf1 and the Na þ ∕K þ ATPase (SI Appendix, Fig. S9 ). The initial structural model was relaxed in Rosetta-Membrane (36, 37) 
